In this paper, the electrical discharge characteristics of plasmas generated in coaxial cylindrical electrodes capacitively powered by a radio-frequency power supply at atmospheric pressure are investigated with respect to helium and argon gases. The electrical discharge parameters, voltage ͑V͒, current ͑I͒, and power ͑P͒, are measured for both helium and argon plasmas, and the electron temperatures and electron densities for them are evaluated by means of the equivalent circuit model and the power balance equation. By comparison of the discharge characteristics of the helium and argon plasmas, it is found that the discrepant macroscopic characteristics of helium and argon plasma, viz., current and voltage characteristics and current and power characteristics, are owed to their own intrinsic microscopic parameters of the helium and argon atoms, such as the first excited energy, the ionization energy, the total cross section, and the atom mass. Furthermore, the influences of the additive gas, oxygen gas, on the electrical discharge characteristics are also investigated in the helium and argon plasmas, which are closely related to the electron temperature of plasmas.
I. INTRODUCTION
Interest in atmospheric pressure nonthermal plasma sources specifically designed for the surface modification and treatment processing in microelectronics and biology has grown considerably over the last decade due to its dispensability with the expensive and complicated vacuum systems. Such sources provide a convenient means for deposition, ashing, and etching in microelectronics and for sterilization, surface functionalization, cell removal, and microcontact printing of protein onto polymer substrates in biological applications. 1 To satisfy the requirements of these diverse applications, many electrical discharge configurations are proposed and studied, such as the cold plasma torch, the one atmospheric pressure uniform glow discharge plasma ͑OAUGDP͒, the microhollow cathode discharge, and the surface wave discharge, covering the frequency range from dc to microwave frequency. [2] [3] [4] [5] [6] [7] One of the promising sources is the Atmospheric Pressure Plasma Jet ͑APPJ͒, which produces short-lived reactive species and propels them out of the source. 8 The electrodes consisting of coaxial cylinders are usually employed in the APPJ, and the stable discharge is realized by cooling both electrodes, increasing the flow rate of gas, and appropriately restricting the current density and mostly with the use of the helium gas as well as the helium fed with some active gases such as nitrogen, oxygen, carbon tetrafluoride and sulfur hexafluoride. [8] [9] [10] Making use of the rf power supply, the electrical discharge is capable of being worked in the ␣ and ␥ mode stably in a different regime of input power and under meticulously adjusted matching conditions; higher current density leads to transition occurring from the ␥ mode to the arc discharge. At atmosphericpressure glow discharge ͑APGD͒, the gradual voltage dependence of the electron density in the ␥ mode is more rapid than in the ␣ mode, which makes the control of stability of the ␥ mode difficult, and the ␥ mode appears in the specific narrow range of the input power during the evolution from the ␣ mode, to the ␥ mode, and finally arc occurrence as the current density increases. [11] [12] [13] As a result, at the most range of the current voltage characteristic curve of the stable glow discharge, the gas ionization in the rf APGD is working in the ␣ mode, which is dominated by the bulk-plasma electrons.
The electrical characteristics of discharge appear quite significant to get insight into its operating mechanism. The most attention has been paid to the studies on the mode analysis with helium as its working gas experimentally and theoretically. [8] [9] [10] [11] [12] [13] [14] [15] For the APPJ, a large volume of expensive helium is consumed; therefore, it is very necessary to study the possibility of using cheap argon gas to replace helium as a carrier gas to produce a wide range of chemistry. Unlike the helium discharge, the discharge occurring in the argon gas at atmospheric pressure releases much heat and emits intense light, which makes it very difficult to discern the mode structure by means of the visual appearance or photograph; the stability of electrical discharge of argon gas becomes very sensitive to the external experiment conditions. It has been reported that the stable electrical discharge with argon as its working gas is realized in the coaxial cylindrical electrodes with narrow spacing gap by Wang and coworkers. Some aspects of its characteristics are compared with helium discharge and addressed by measuring their electrical parameters and optical emission spectroscopy; 16 however, the other significant characteristics, such as the electron density and the electron temperature, are neither experimentally and nor theoretically analyzed and delivered. For its promising application potential, we investigate the electrical characteristics for both helium and argon plasmas, and their electron density and electron temperature for both cases are estimated from its current and voltage characteristics ͑I -V͒ and the current and power characteristics ͑I -P͒ obtained experimentally. For we have not known the mode structure of the argon discharge in the APPJ as much as the helium plasma discharge by now and the main purpose of this study is to make a comparison of their discharge characteristics, we based on the physical picture of the homogeneous model of the capacitive discharge and proposed the equivalent R -L -C series circuit and derived an analytical formula, which is employed to simulate the I -V curve, whereby the electron density is determined. Furthermore, the electron temperature is evaluated by means of the power conservation balance. It is found that the electron density in the argon plasma was two times larger than that of the helium discharge at the same applied voltage while the electron temperature of the argon plasma was lower than that of the helium discharge. The larger electron density is desired for enhancing the processing efficiency and the higher electron temperature will increase the mixture ratio of reactive gas in the plasma to produce diverse reactive agents. At last, we demonstrated experimental results of electrical characteristics when the working gases, helium and argon, are fed with the electronegative gas, oxygen, respectively for comparison. The discrepancy of the discharge plasmas in helium and argon gases is discussed from the microscopic aspects of the helium and argon atoms.
II. EXPERIMENTAL METHODS
The schematic of the experimental setup is illustrated in Fig. 1 , where the plasma source consists of two coaxial cylinders, the inner powered cylindrical electrode and outer grounded cylindrical electrode, and the plasma generated in the annular space between these two cylindrical electrodes.
The length of the reactor is fixed at 12 cm, the inner radius of the outer electrode is 7.2 mm, and the outer radius of the inner electrode is 6 mm. Both electrodes are water-cooled to eliminate the thermal instability occurring on the bare electrodes and in the gas. The working gas, helium and argon ͑99.995% pure͒, and the additive gas, oxygen, are fed into the plasma source through the mass flow controller and gas mixture at the flow rate of 10 lpm. The electrical properties of the discharge were studied by simultaneous measurement of the voltage across the discharge and rf current. The measurements were done by using a high-voltage probe ͑Teck-tronix P6015A with a bandwidth of 75 MHz͒ and a current probe ͑Tektronix TM 502A with a bandwidth of 20 MHz͒. The results were recorded on the oscilloscope ͑Tektronix TDS 320 with a bandwidth of 100 MHz͒. The rf generator operating at 13.56 MHz is connected to the plasma source through the matching network. A rf wattmeter placed between the source and the matching network is conventionally used to measure the time-average power P T supplied by the source. This instrument is often an integral part of the rf power supply. However, there generally exists a large stray capacitance C stray parallel to the discharge impedance. C stray represents the capacitance to ground of the powered electrode and the center conductor of its coaxial cable feed; typically C stray Ϸ 100-200 pF in the rf discharge. So in order to get more accurate measurement of power absorbed by the discharge alone, we followed procedures proposed by Godyak and Piejak in our measurement of absorbed power. 17 The temperature of the effluent flame is measured with a thermocouple.
III. PLASMA DISCHARGE MODEL AND PLASMA PARAMETERS

A. Equivalent circuit model
In order to analytically formulate the discharge characteristics in the thin annular space between cylindrical electrodes, it is convenient to reduce the complicated electrode configuration to a more simplified model of parallel plates separated in the gap of d equal to 1.2 mm with the discharge area A equal to 2rl in which r denotes the outer radius of the inner electrode of 6 mm and l is the length of the reactor of 120 mm as introduced in Sec. II. Even for the simplest parallel-plane geometry, the self-consistent models of such discharge are also quite complicated. Therefore, in order to obtain the analytical solutions, various simplifying assumptions have been made as introduced in Refs. 18 and 19. Besides, our reducing coaxial cylindrical electrode configuration to the parallel plates in our modeling gives rise to a discrepancy between them, which is modified by introducing a fitting variable which should be independent of the other discharge physical parameters. Instead of making use of the simple circuit model of rf APGD with two capacitors representing two electrode sheaths in series with a resistor representing the positive column that is likely to be electrically neutral and dominated by the conduction current, 11, 20 we employed an alternative equivalent circuit model, with an R p -L p -C s series circuit. The discharge model to be adopted in this work is based on the homogeneous model of capacitive discharge and shown in Fig. 2͑a͒ , where the parallel combination of capacitor C 0 with the series connection of the inductor L p and resistor R p represents the admittance of the bulk plasma, which is also in series combination with two sheath capacitors, C a and C b . In the bulk of the plasma the conduction current flowing through elements, L p and R p , prevails over the displacement current passing through capacitor C 0 , the circuit model in Fig. 2͑a͒ is further reduced as an R p -L p -C s series circuit as illustrated in Fig. 2͑b͒ where we integrated the two sheath capacitors, C a and C b , into one labeled by C s .
In the typical discharge model at atmospheric pressure in helium gas, the plasma density is usually calculated from the equation, J rf Ϸ J cond e =−en e e E bulk =−en e e , where J is the current density ͑A/m 2 ͒, e is a unit charge ͑C͒, e is the electron mobility ͑m 2 / V s, which is dependent of the gas medium and is inversely proportional to the pressure͒, E is the bulk electric field ͑V/m͒, e is the drift velocity of electrons in the bulky plasma, and n e ͑m −3 ͒ is the electron density. Furthermore, in the bulk of the plasma, the conduction current prevails over the displacement current and the current continuity is conserved in the circuit, hence it is reasonable to assume that the electron density n is proportional to the rms value of the applied current, I p , as follows:
where the coefficient ␣ depends on the drift velocity of the electrons in the bulk of the plasma trivially with the variation of the electric field in the bulky plasma, because the electronneutral collision are much more frequent at the atmospheric pressure and the most of voltage potential of the applied field falls on the sheaths. And it is known that the electron plasma frequency in the bulk of the discharge plasma is pe 2 = ne 2 / 0 m; the inductance is known to be approximated with the following expression:
where we have introduced the intermediate parameter defined as = 0 m / ␣e 2 C 0 ; the equivalent resistor in series with the inductor in the quasineutral bulk of the discharge is obtained in the form of 
where is the electron-neural collision frequency at atmospheric pressure. The discharge current in the sheaths is expected to be predominantly in the form of displacement currents, due to the large electrical field and relatively immobile ions in the regions. In the homogeneous model, the simpler expression of both sheath capacitances can be derived as
in which the power supply operates at the angular frequency equal to 2 ϫ 13.56ϫ 10 6 Hz and the second equality is achieved by making use of Eq. ͑1͒. Then, based on the equivalent circuit model shown in Fig. 2͑b͒ , we can readily establish the relation between the rms value of the voltage potential falling on the APPJ, V p , and that of the current, I p , as follows:
For convenience, we introduced the symbols, = ␣ = 0 m / e 2 C 0 , = C s = 2 0 2 A 2 m /2eC 0 , and = 2 C s = 3 0 2 A 2 m /2eC 0 , to simplify the above equation. As mentioned at the beginning of this part, the capacitor C 0 is approximated by its value of the parallel-plate electrodes consisting of two plates of area A and separated by distance d for the sheath thickness is much smaller than the spacing distance d between electrodes. As far as the capacitance of the sheath is concerned, we modified the terms related to the sheath capacitance, and , by introducing a correct factor to take into account the fact that the actual electrodes configuration is coaxial cylindrical arrangement and is different from the parallel plate configuration. Correspondingly, Eq. ͑5͒ is converted into the following expression:
the correct factor and the coefficient ␣ appearing in Eq. ͑1͒
can be determined simultaneously by fitting the experimental data by making use of Eq. ͑6͒, whereby we can estimate the plasma electron density at the specific electrical current further with Eq. ͑1͒.
B. Power balance equation and rate coefficients
The average electron temperature is calculated from a steady state power balance on the free electrons in the plasma 21 P = n e n g K iz iz + n e n g K ex a* + n e n a *K iZ * iZ * + n e ͓n i K el,e-i + n g K el,e-a + n a* K el,e-a *͔ 2m e M
where P is the power density ͑W/cm 3 ͒, rad is the energy loss due to radiation ͑W/cm 3 ͒, T g is the gas temperature ͑eV͒, K iz is the ionization rate coefficient ͑which is the function of T e ͒, and iz is the first ionization energy ͑eV͒ from the ground state; a * represents the first excited state of the atom, a * and iZ * are the first excitation energy and ionization energy of a * , K ex is the excitation rate coefficient, and K iZ * is the ionization rate coefficient from the first excited state ͑which is also the function of T e ͒. The gas density n g is given as n g = p / T g in terms of gas pressure p ͑Pa͒ and gas temperature T g ͑eV͒ according to Dolton's law. In this equation, K el,e-i , K el,e-a , and K el,e-a * are the electron-ion, electron-atom, and electron-excited state collision rate coefficients ͑which are functions of T e ͒, respectively. Equation ͑7͒ includes many energy dissipation factors involved in the discharge process, however, in our case that the cold plasma generation with low power density is concerned, many terms become negligible and can be eliminated. The third term related to the ionization process from the first excited state is considered small due to low concentration of the excited atoms compared to the gas density; similarly the terms representing the electron-ion and other electron-excited atom collision processes are also negligible. The energy loss due to radiation does not impose considerable influence on the power balance equation for the cold nonequilibrium plasmas. Hence, considering only the dominant terms in Eq. ͑7͒, the power balance equation is reduced as follows:
where the gas mole mass M is 4 ϫ 10 −3 kg for helium and 40ϫ 10 −3 kg for argon, respectively. Furthermore, in order to employ Eq. ͑8͒ to carry out the calculation, we have to determine the ionization coefficient K iz , the excitation coefficient K ex , and the electron-atom elastic collision rate coefficient K el,e-a in terms of the electron temperature T e ͑eV͒ for both helium and argon atoms.
The ionization energy of helium atom is 24.6 eV and the most important excitation process is the transition from the ground state 1s 2 to the lower excitation states 1s 1 2s 1 ͑ 1 S and 3 S͒ the energy levels of which are very close to each other and lumped as one energy level, the first excitation state, with the energy of 19.8 eV; in contrast, the ionization energy of the argon atom is equal to 15.8 eV, much less than that of the helium atom, and the four lower excited states 3s 2 3p 5 4s 1 ͑ 1 P 1 , 3 P 0 , 3 P 1 , and 3 P 2 ͒ separated by very small energy gaps are lumped together and treated as a single excitation state, that is, the first excitation state, with the energy of 11.60 eV with respect to the ground state 3s 2 3p 6 . To calculate the electron temperature in the latter, it is convenient to employ the Arrhenius form of the ionization and excitation coefficients. For helium, they are readily obtained in Refs. 22 and 23, which are illustrated in terms of electron temperature T e in the unit of electron voltage as follows:
K iz
He ͑T e ͒ = 1. and fitted by the Arrhenius form to be shown as follows:
Ar ͑T e ͒ = 4.0 ϫ 10 −8 T e 0.5 exp͑− 15.8/T e ͒, ͑10a͒
Ar ͑T e ͒ = 1.0 ϫ 10 −9 T e 0.75 exp͑− 11.6/T e ͒. ͑10b͒
As far as the electron-atom elastic collision process is concerned, the electron-atom collision rate coefficient K el,e-a for helium is obtained after fitting the cross sections given by McEachran and Stauffer and integrating over a Maxwellian electron energy distribution function. 24 The results can be reproduced within 2% for the range 1.0 eVϽ T e Ͻ 3.4 eV using
He ͑T e ͒ = ͑2.21 + 2.59T e − 0.344T e 2 ͒ ϫ 10 −8 . ͑11a͒ 
IV. RESULTS AND DISCUSSIONS
In Fig. 3 are illustrated the experimental results of the current and voltage characteristics ͑I − V͒ as well as the fitting curves with respect to the helium and argon plasmas, in which the solid lines are fitting curves obtained by making use of Eq. ͑6͒. For the helium plasma, when the coefficient parameter ␣ takes the value of 1.32ϫ 10 11 cm −3 A −1 , the curve depicted by Eq. ͑6͒ fits the experimental data very well, while for the argon plasma a good fit is realized with the coefficient parameter ␣ equal to 1.56ϫ 10 11 cm −3 A −1 . However, at the rf current below 1.1 A the appreciable discrepancy between the experimental data of the argon plasma and the fitting curve is obvious as shown in Fig. 3 , which is attributed to the fact that the plasma does not fill the annular space between the electrodes completely until the rf current is larger than 1.1 A, that is, it is in the normal discharge when the current is below 1 A ͑27.5 mA/ cm 2 ͒. So in the range of the measured I -V curve corresponding to abnormal discharge, the rms value of voltage follows the variation of the rms value of the current according to one branch of the hyperbola, instead of linearly increasing. Furthermore, the electron densities for helium and argon are calculated with the obtained coefficient parameter ␣ by making use of Eq. ͑1͒, and the results are presented in terms of the externally applied voltage in Fig. 4 with the electron density labeled in the logarithmic scale. In practice, the controlled parameters are usually the power or the externally applied voltage. It is found that the electron density of the argon plasma is about two times larger than that of the helium plasma at the same applied voltage. This can be interpreted by comparing the excitation energies of the atoms between the ground and the first excited state, 19.8 eV for helium and 11.6 eV for argon, and the ionization energies of the neutral atoms, 24.6 eV for helium and 15.8 eV for argon, and considering that at atmospheric pressure the occurrence of inelastic excitation collisions is prevailing over the ionization collisions which are materialized by the electrons at the high energy tails of Maxwellian distributions. Consequently, there is higher electron concentration generated in argon plasma than in helium across the same voltage fall. Furthermore, the electron temperatures in the helium and argon plasmas are evaluated with the measured current and power characteristics ͑I -P͒ and by employing Eq. ͑8͒ as well as Eqs. ͑9a͒, ͑9b͒, ͑10a͒, ͑10b͒, ͑11a͒, and ͑11b͒. The experimentally measured I -P curves for the helium and argon plasmas are illustrated in Fig. 5 . The estimated electron temperatures in terms of the various rms values of the current above 1.1 A ͑27.5 mA/ cm 2 ͒ in both helium and argon plasmas are demonstrated in Fig. 6 , which corresponds to Fig. 5 . Consistently, the estimated electron temperatures fall in the electron temperature range from 1 eV to 2.5 eV required for applying Eqs. ͑11a͒ and ͑11b͒ validly. The electron temperature in the helium plasma raises from 1.37 eV to 1.79 eV with the current increasing from 1.1 A ͑27.5 mA/ cm 2 ͒ to 1.8 A ͑45 mA/ cm 2 ͒, while the electron temperature in the argon plasma shows trivial dependence on the current in the vicinity of the electron temperature of 1.43 eV. The electron tem- perature in helium plasma is larger than that in the argon plasma in the abnormal discharge when the current exceeds the rms value of 1.1 A ͑27.5 mA/ cm 2 ͒. We have known that the electron temperature in the bulk plasma is inversely proportional to the total cross section of the atom according to
in which e is the electron free path length, E is the applied field, and T is the total cross section depending on the gained energy of electrons in the electric field E, and the average total cross section of the helium atom over the electron temperature range is much smaller than that of the argon atom. Therefore, it can be inferred that the electron temperature in the helium plasma can reach higher value than that of the argon plasma. Furthermore, we notice that the total cross sections for helium and argon atoms have quite reverse trend dependent of the electron energy; the total cross section of helium declines from 5.628ϫ 10 −16 cm 2 to 3.107 ϫ 10 −16 cm 2 with the electron energy increasing from 0.3 eV to 15 eV, 26 which results in the electrons becoming more and more accelerated as its energy increases under the electrical field E, while for argon the total cross section increases from 1.874ϫ 10 −17 cm 2 to 1.908ϫ 10 −15 cm 2 as the electron gains more energy from 0.3 eV to 15 eV, 27 preventing the electrons from being accelerated to higher energy in the electrical field. Accordingly, the total cross section T appearing in the denominator of Eq. ͑12͒ is the monotonously increasing function of the electrical field E in the argon, whereas for the helium it is a decreasing function of the electrical field E. Hence, in contrast to the evidently increasing relation of the electron temperature with the applied voltage in helium plasma due to the reverse dependence of the denominator and numerator on the electrical field, in argon plasma those two factors are both increasing functions of the electrical field weakening the dependence of the resulted electron temperature on the applied voltage according to Eq. ͑12͒.
Additionally, in the APPJ consisting of two coaxial cylindrical electrodes, the voltage drops on two asymmetric sheaths in the vicinity of inner and outer electrodes scales with the radii of outer and inner electrodes according to a certain relationship which is difficult to determine analytically at atmospheric pressure. In our evaluation of electron density and temperature, considering that the discharge gap is smaller than the radius of the inner electrode and sheath thickness is even much smaller than the discharge gap at atmospheric pressure in our experiment, the two asymmetric sheaths are integrated by one and its capacitance is assumed to be proportional to that depicted in Eq. ͑4͒ with the introduction of the correct factor, . Nonetheless, the foregoing evaluations of electron density and temperature in helium plasma are in good agreement with those reported in Ref. 7 , which validates the application of the proposed approach to APPJ for comparison of discharge characteristics in helium and argon plasmas.
The active gas of electronegative property, O 2 , is mixed in the working gases, helium and argon, respectively, to investigate the influence of the additive gas, oxygen gas, on the FIG. 6 . Plot of the evaluated electron temperatures versus the rms current for rf APGD helium ͑circular marks͒ and argon ͑rectangular marks͒ plasmas by making use of Eq. ͑8͒ and data in Fig. 5.   FIG. 7 . I -V curves for rf APGD helium plasma with the admixture ratio of oxygen gas at 0%, 0.5%, and 1%, respectively. FIG. 5. I -P curves for rf APGD helium ͑circular marks͒ and argon ͑rectan-gular marks͒ plasma.
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Li et al. Phys. Plasmas 13, 093503 ͑2006͒ discharge characteristics. The experimentally measured results of I -V curves with a variation of concentration of the oxygen gas are illustrated in Fig. 7 with helium as the working gas and Fig. 8 for the argon gas. It is shown that the oxygen gas imposes a great influence on the discharge characteristics for argon plasmas. The stable range of argon plasma shrinks as the oxygen concentration increases until it reaches the value of 2%, beyond which the electrical discharge becomes quite unstable, much lower than the maximum concentration of oxygen allowed to be added in helium gas. We attribute this observation to the fact that the electron temperature in argon is much lower than that in helium, and consequently the electrons are ready to be captured by the oxygen molecules as well as oxygen atoms in argon plasma to form negative ions, easily leading to the discharge extinction. Nevertheless, we are more concerned with the radical concentration, in which the oxygen atom and the metastable molecules, e.g., O, O 2 ͑b 1 ⌺ g + ͒ and O 2 ͑a 1 ⌬ g ͒, are playing an important role in surface treatment processing instead of the electrons and ions at atmospheric pressure. Some applications have shown that the concentration of oxygen gas of 0.5% in the working gas, argon, is enough for carrying out the effective treatment of the processing surface, such as ashing and etching. On the other hand, the effluent flames out of the APPJ for helium and argon are measured and compared at the same working condition ͑input power 140 W, the total flow rate 20 lpm, and the oxygen concentration 0.5%͒, the effluent flame from this APPJ with the argon gas is about two times longer than that of the helium gas. The more careful measurements are carried out and reported in Ref. 16 . We know that the atomic mass of argon is ten times larger than that of helium. Then at the same gas flow rate the argon gas can push away the ambient air more effectively than the helium gas, therefore bringing the generated oxygen atoms and metastable molecules farther out of the nozzle of the APPJ. So if we want to obtain the desired length of the plasma jet, using argon as its working gas in the APPJ can reduce the gas consumption greatly in comparison to the use of helium as a working gas.
V. CONCLUSION
We have investigated the characteristics of the helium and argon plasmas by comparing the experimental results and the estimated electron densities and electron temperatures. The electron density of the argon plasma is two times larger than that generated in the helium plasma at the same externally applied voltage. We attribute it to the lower first excited energy level and ionization energy in the argon atom than those in the helium atom. The higher electron temperature in the helium plasma compared to that in the argon plasma is owed to the different dependence of the total cross section on the electron energy for helium and argon atoms. The longer effluent flame of the argon plasma is owed to the larger molecular mass of argon than helium. However, the high electron temperature in the helium plasma is beneficial for mixing more concentration of electronegative gas in the working gas to generate the reactive agents.
